Rapid methods for determination of internal contamination play a key role during emergency situations in particular for incident response teams and affected populations. For this reason, these methods and their particular techniques must be fast, reliable, robust, simple and cost-efficient, as well as providing high-quality throughput. On the other hand, they are characterized by lower precision and they are often biased. The presented method is based on direct measurement of urine using powder scintillator YAP:Ce together with an alkaline medium as a replacement for traditional liquid scintillation cocktail. The overall efficiencies for trivalent actinides (Am-241 and Cm-244) were greater than 85% and 94%.
Introduction
Utilization of nuclear energy and production of radionuclides in any of the non-proliferation, peaceful uses, and disarmament areas as well as the in the military field requires responsibility of the operators and advanced users as well as readiness of various protective state components (army, police, fire brigade etc.) to react on the threatening situation. In the case of various type of nuclear contamination caused by nuclear accident or disaster (e.g. Chernobyl, Three Mile Island, Mayak, or Fukushima), production and testing of the nuclear weapons, or misusing radionuclides in the form of radiological dispersion device (RDD), fast screening of the contaminated area and affected inhabitants or individuals is one of the most important ex-post tasks. Hence activity and related contamination determination represent the first and the most important step in the health protection resulting indecision about the further operability of the first responders, or their treatment. For this reason, these methods and their particular techniques must be fast, reliable, robust, simple and cost-efficient, as well as providing high-quality throughput. On the other hand, they are characterized by lower precision and they are often biased.
Because of the use of fission and fissionable materials in many of the above mentioned nuclear areas, the presence of actinides is inevitable. Actinides are considered to be one of the most dangerous radionuclides due to their extreme chemical toxicity to the warm-blooded organism as well as due to the radiologic properties because of their intake [1] [2] [3] [4] [5] . With respect to their chemical, radiation, and production properties, light transuranium elements such as Pu, Am, Cm belong to the critical ones.
Due to the need to control processes and assure the safety of workers and occupants under normal conditions and in particular in time of crises, the information about contamination is critical to take appropriate measures in order to avert high damage and save human lives.
When people are contaminated, they undergo a special decontamination process, where they are also examined if they are internally contaminated. Nasal or saliva samples are usually sampled [6] and according to the results, the chelating agent (e.g. Ca-DTPA, Zn-DTPA) should be administered [7] [8] [9] [10] [11] [12] . The recent exercise of first response teams showed, that doctors are reluctant to administer these agents, which are highly nephrotic [12] since these methods didn't provide unambiguous results of internal contamination. Due to this fact, urine and fecal samples are usually utilized since they can provide more accurate results [13] .
Several methods have been proposed and employed throughout the world yet. Mostly they rely on some degree of sample treatment [14] [15] [16] , followed by chemical separation [17] [18] [19] [20] and ending by measurement using either alpha spectrometry [17, 19, 20] or ICP-MS [20] [21] [22] [23] . The advantages of these methods are very low detection limits usually better than mBq L −1 [17, [19] [20] [21] and relative higher throughput [24, 25] if the parallel analysis is taken a place (e.g. using multiple digestion vessels, all slots in vacuum box or more alpha spectrometry chambers, etc.). The downside can be seen in higher operator demands, operating and acquisition costs, the need for different or special chemicals and laboratory equipment. Only minor works deal with direct sample measurement, e.g. urine [26] .
Here, a different approach is presented, which utilizes the advantage of direct urine sample measurement together with fine powder scintillator YAP:Ce, serving as a replacement for traditional liquid scintillation cocktail, in alkaline medium. The work was focused on optimizing work and sample preparation procedures as well as the influence of various ions and organic compounds with respect to the model radionuclides, mainly americium and curium.
Experimental

Devices and equipment
The measurements were carried out using Liquid Scintillation Counter Triathler (Hidex, Finland) and 20 mL super polyethylene vials (Perkin Elmer, USA). The setting of the instrument was as follows: the "RN222" counting mode was modified so that the value of the pulse length index (PLI) was set to one, time of the measurement was set to 120 s, alpha and beta window was set to full width (1-1023 channel), the YGain was 167 and YPos was 48. Liquid Scintillation Analyzer 300SL (Hidex, Finland) and scintillation cocktail AquaLight (Hidex, Finland) were used for standardization and comparative measurement of the activity of radionuclides. Furthermore, they were used for measurement of the liquid phase activity during the determination of sorption efficiency. The setting of the instrument was as follows: PLI was set to eight, time of the measurement was set to 300 s, the range of the alpha window was set to 400-900 channels, the beta window was set to 5-1000 channels, the YGain was 30 and Yoffset was 5.
Proper shaking was performed by shaker IKA KS 130 basic (IKA, USA) and centrifuge MPW-340 (MPW, PL) was used for accelerating of sedimentation. The drying oven E Binder (D) was used to dry the scintillation powder.
Radiochemical isotope tracers Am-241 (2.08 Bq µL −1 ), Cm-244 (1.88 Bq µL −1 ), U nat (0.66 Bq µL −1 ), Pu-238 (2.32 Bq µL −1 ), and Sr-90 (0.654 Bq µL −1 ; in equilibrium with Y-90 daughter) were obtained from AEA Technology, UK, QSA Amersham International and CMI (the Czech Metrological Institute). U nat was purified by self-cleaning stripping off its daughters using ion exchange resin BIORAD AG 1-X8 (400-800 mesh). The measuring solution contained 0.1 mol L −1 HNO 3 .
The YAP:Ce powder of 0-30 µm grain size (Crytur, CZ) was used as a solid-state scintillator. The YAP:Ce powder here serves as replacement of traditional liquid scintillation cocktail utilizing the alkaline environment to support the sorption of radionuclides on the surface of the scintillation powder. This phenomenon was described in detail in [27] [28] [29] .
ROTIPURAN ® Ammonia solution 30%, p.a., ACS (Carl Roth GmbH+Co. KG, D) was used to adjust the pH of the urine sample. Water was obtained from a DEMIWA 5 ROSA™ (Watek) water purification system. All other materials were ACS reagent grade and were used as received.
Experimental procedures
In the experiments, the value of the overall efficiency was used as a measure for comparison and evaluation of the results. Its value was calculated as the ratio of the net count rate of the prepared samples I YAP:Ce (s −1 ) and the total introduced activity A (Bq) as follows:
This overall efficiency includes all the phenomena affecting the final count rate, which will be further investigated. In the relevant cases, η will be compared with the relative adsorbed amount of the radionuclides ε measured with scintillation counting:
where I represent counts or count rates of the standard (LSC, STD) and of the solution after adsorption (LSC, after), respectively, measured with liquid scintillation counting at the same conditions.
The last measure used for comparison is here referred as yield deviation against standard (YDAS) and defined as the relative change of the overall efficiency of the sample η sample and standard η STD , when some compounds are added or measurement conditions are changed:
Effect of alkaline solutions addition on the sorption of radionuclides
In order to investigate the detection efficiency of americium and curium presented in urine without any changes and under basic media, the following procedures were tested:
• The first set of measurements consisted of 100 mg of YAP:Ce powder, 20 mL of urine and 50 µL of Am-241 or Cm-244 with the activity of 84 Bq, or 94 Bq respectively. The set of vials was placed on the shaker; the rate of shaking was set to 700 rpm and the time of shaking was 10 min. Finally, all vials were placed in the centrifuge and spun at 2058 RCF for 10 min and subsequently measured for 120 s. The procedure was adopted according to [27] . After the measurement, the liquid phase was decanted leaving the powder pressed on the bottom of the vials and it was measured again. • The next step was to utilize basis media to enhance the sorption of radionuclide on the surface of the scintillation powder. The procedure was the same as in the previous case with the addition of 1 mL of 10 M NaOH creating the final concentration of a solution of about 0.5 M NaOH. The second tested agent was a 30% ammonia solution, where the added volume was ranging from 60 µL up to 160 µL. After pouring the solution, the compressed powder was put into a drying oven for 1 h at the temperature of 65 °C.
Effect of scintillation powder weight and urine volume on the detection efficiency
The procedure was as follows:
• A known amount of YAP:Ce powder ranging from 40 mg up to 100 mg was transferred to the counting vial and this was overlaid with 20 mL of urine. Then 50 µL of Am-241 or Cm-244 solutions with the activity of 84 Bq or 94 Bq, respectively, were transferred into the vial with the subsequent addition of 50 µL of ammonia solution. Vials were then placed on the shaker and shaken for 10 min at 700 rpm. Finally, all vials were placed in the centrifuge and spun at 2058 RCF for 10 min. After pouring the solution, the compressed powder was put into a drying oven for 1 h at the temperature of 65 °C. After that, the vials were measured for 120 s. • The effect of urine volume was investigated according to the described procedure, but the amount of YAP:Ce powder was fixed at 100 mg and the volume ranged from 5 mL up to 20 mL.
Sorption of other selected radionuclides
Uranium, plutonium, strontium/yttrium were selected in order to determine the detection efficiency for other model radionuclides. In the final procedure 100 mg of YAP:Ce powder was transferred to the counting vial and this was overlaid with 10 mL of urine. Then 50 µL of Pu-238 or Sr/Y-90 with the activity of 116 Bq, or 66 Bq, respectively, or 100 µL of U nat with the activity of 66 Bq was transferred into the vial, with the subsequent addition of 50 µL of ammonia solution. The vials were placed on the shaker; the rate of shaking was set 700 rpm and the time of shaking was 10 min. Finally, all vials were placed in the centrifuge and spun at 2058 RCF for 10 min.
After pouring the solution, the compressed powder was put into a drying oven for 1 h at the temperature of 65 °C. After that, the vials were measured for 120 s.
Determination of sorption efficiency
The sample was prepared as described above, but before pouring the liquid phase, 1 mL was transferred to 15 mL of AquaLight scintillation cocktail and measured using for 300SL liquid scintillation analyzer. The rest of the sample was processed in the same way, thus pouring the liquid phase, drying and measuring the scintillation layer.
Effect of selected ions, organic acids and their salts on the detection efficiency
The sample preparation procedure was as described above, but before the addition of 50 µL of Am-241 solution, different ions, organic acids and their salts in low and high concentration were introduced to the urine. Their concentration was chosen with respect to the concentration of these compounds presented in urine [30] . The detection efficiencies of these samples were then compared with standard, which was the average number from multiple measurements of different urine samples containing Am-241 under the same conditions without any cations or salts.
Determination of minimum detectable activity (MDA)
The samples were prepared in the same way as was described above. Time of the measurement was 100 s, 1000 s, and 10,000 s. The calculation was performed using the following equation (Eq. 1) at 95% confidence level
where B = background counts measured in time t (s), ε = detection efficiency for investigated radionuclides, V = volume of the sample (L).
Results and discussion
As it was stated in [27] , the sorption of radionuclides on the surfaces of the fine powder of YAP:Ce scintillator under specific conditions is possible and therefore their subsequent measurement using traditional liquid scintillation counter. Firstly, the work was focused to reveal the detection efficiency of untreated urine in combination with YAP:Ce powder. The detection efficiency was very low in both cases, usually up to one percent, when using Am-241 and Cm-244. After the measurement of these samples, the urine was decanted and only the compressed powder was measured. The detection efficiency increased to 46 ± 1% for Am-241 and 17 ± 1% for Cm-244. The results are summarized in Table 1 .
The increment in detection efficiency was probably caused by color quenching, which was caused by the color of urine. In order to further increase the detection efficiency, the pH of the urine had to be increased. According to [27] the optimal approach suggested using sodium hydroxide to create 0.5 M final solution. It was discovered that when NaOH was introduced, the color changed from light yellow to dark pink or almost purple. Because of this color, the emitted photons were mostly quenched, therefore the detection efficiency dropped to one percent or to 12 ± 0.5%, respectively, when the liquid phase was decanted. The second chemical, which was used to increase the pH was 30% ammonia solution. The strong change in color was not observed although even in this case the more ammonia solution was added the darker the solution became ( Fig. 1) .
As can be seen in Fig. 2 the lowest detection efficiency was achieved, when the urine was presented in the sample during measurement. In order to further improved the detection efficiency, the drying process after the decantation of the urine was implemented. This led to a dramatical increment in detection efficiency of about 13% in comparison with the sample, where the urine was only decanted reaching 89 ± 2% when Am-241 was used or 96 ± 2% when Cm-244 was used.
During the drying process, the compressed powder is prone to crack. Because of this phenomena, the powder was pulverized in the counting vial and subsequently measured resulting in a decrease in detection efficiency of about 16% or 10% when Am-241 or Cm-244 was measured, respectively. In the experiment, the minimum necessary addition of ammonia solution was found to be 4 µL per 1 mL of urine. Further addition did not seriously affect the detection efficiency, although a downward trend in detection efficiency can be observed. The possible explanation could be the effect of the quenching. From the chemical point of view, the addition of ammonia has to increase the pH of the sample to the values, when target radionuclides are precipitating. Hence, depending on the pH values and buffering capacity of the common urine [28] , more ammonia may be necessary in some cases and it may be subject to investigation in a future screening study. On the other hand, for fast and simple gross measurement, the procedure is robust enough and the amount of ammonia may be adjusted performing simple parallel addition, if necessary ( Fig. 3) .
Furthermore, the effect of the weight of the scintillation powder and the volume of urine on the detection efficiency was investigated. As can be seen in Fig. 4 the ideal amount of the YAP:Ce scintillation powder was estimated to be 100 mg, although 80 mg can be used as well. The main reason for further using 100 mg amount was lower uncertainty associated with this weight in comparison with 80 mg. The maximum detection efficiency for Am-241 and Cm-244 was 95 ± 2% and 101 ± 2% respectively.
When the optimal amount of YAP:Ce powder was discovered to be 100 mg, the effect of urine volume was investigated. It turned out that the volume of urine did not seriously affect the detection efficiency since it was higher than 85% or 90% respectively (Fig. 5 ). The highest value of 95 ± 2% for Am-241 and 100 ± 2% for Cm-244 was reached when 10 mL of urine was used. Additionally, the detection efficiency of other actinides, as well as the Sr/Y-90 as a representative of pure beta emitters, was investigated ( Table 2 ). The highest efficiency was observed for plutonium of about 87 ± 2%. Uranium, on the other hand, showed only 16 ± 1%. Since the solution of U nat was prepared from uranyl nitrate (UO 2 (NO 3 ) 2 ) and the color of the final solution was green/yellow, the color of compressed YAP:Ce powder exhibited the same color. This could lead to absorption of emitting photons resulting in low detection efficiency. In the case of natural uranium, it has to be noticed that the amount of uranium introduced is roughly in the milligram range. Such amount is rather high to be present in 10 mL the urine; here it just represents chemical behavior of the uranium, while its specific activity is too low for fast screening measurement at real trace concentrations. Based on the following results and high level of quench (see Tables 3, 6 ) it may be also stated that the detection efficiency of uranium would further increase with its decreasing quantity. The detection efficiency of Sr/Y-90 is similar to the one stated in [27] and the reason for this very low efficiency is high energy of the particle, small dimensions of the scintillation grain and the mechanism, in which the energy is being deposited.
In order to investigate the low detection efficiency and decide if the sorption is not sufficient under-investigated conditions or the quenching is taking a place, liquid and solid phase of the same sample was measured. Results indicated ( Table 3 ) that sorption of all actinides exceeded more than 90% and in case of Am-241 was even quantitative. On the other hand, the detection efficiency fully correlated only with the activity of curium and plutonium. Americium and uranium exhibited some degree of quenching, which in case of americium was only 11 ± 5% of total activity, but in the case of uranium the quenching reached up to 80 ± 3%. This fully corresponds with the coloring of the powder into green/ yellow, which was clearly observed after drying. As it was supposed, the lowest sorption exhibited strontium-yttrium radionuclides. Almost one-third of the original activity presented in urine was not absorbed on the grains of the scintillator. Moreover, taking into account the low detection efficiency of the solid phase, more than half of the original activity is lost. In this case, it is very probable, that it is not some kind of quenching, but rather the inefficient energy transfers from high energy beta particles to the scintillation grains.
Since the urine has very difficult and complex chemical composition, the effect of the main ions, organic acids and their salts [28] was investigated. The influence on detection efficiency is expressed using normalization of detection efficiencies of Am-241 in presence of different ions, acids and their salts to the average detection efficiency of Am-241 from multiple measurements of different samples under the same conditions without any cations or salts, here above referred as YDAS. The Er 3+ and Fe 3+ were selected as a possible masking agent of Am-241. In the case of erbium, the detection efficiency was decreasing when the concentration was increasing. The possible explanation could be the sorption competition between erbium and americium. Moreover, the addition of iron caused strong brown coloring resulting in complete color quenching. On the other hand, magnesium, carbonates, and phosphates showed only limited decrement or even increment up to 102 ± 4% in case of phosphates. All results are shown in Table 4 . The effect of selected organic acids and their salts is very diverse. Generally, it can be said that when the concentration was increased the detection efficiency decreased, as can be seen in Table 5 . This effect is clearly seen at strong chelating agents, such as citric acid, DTPA, EDTA, etc. The reason was possibly in preventing the radionuclide from sorption thus passing the energy of an alpha particle to the scintillation grain. Ascorbic acid exhibited no significant deviation in the examined concentration range. On the other hand, some chemicals such as diacetylrhein, ammonium oxalate, and nitrilotriacetic acid exhibited slightly higher detection efficiency at a certain concentration.
Finally, the minimum detectable activity was determined for different time of measurement, using Eq. (4). As can be seen in Table 6 the best results are achieved using a long time of measurement. The highest MDA was achieved when Cm-244 and Am-241 were measured. Plutonium exhibited a slightly worse result. The worst results were also achieved when uranium and strontium/yttrium were measured. The main reasons for such high values of MDA contrary to [13, 17] can be seen in low detection efficiency, missing setting optimization and low amount of sample. Despite these shortcomings, the values are very promising for rapid screening method.
Conclusion
An interesting way of determination of the gross alpha activity of actinides was presented. The method is very interesting from many points of views, especially because of low instrumental requirement, where simple liquid scintillation counter and common laboratory equipment is sufficient. Furthermore, there is no need for special and therefore expensive, chemicals. Ordinary ammonia solution and fine scintillation powder are simple enough. And in addition, this means that the amount of toxic chemical or organic waste for subsequent treatment and management is practically zero and the radioactive waste is limited only to the weight of the scintillation powder, which is 0.1 g per sample, while the majority of transuranium actinides is practically removed from the urinal phase. Contrary to this, the use of traditional cocktail generates approximately 20 mL of both harmful and radioactive waste. Time, which is needed for the preparation of one sample is a maximum of 90 min. The big advantage lies in the simultaneous preparation of many samples, where the limitation is given by the size of shaker and centrifuge. All these properties predetermine this approach as a perfect detection technique. Moreover, if the detection efficiency is improved and the settings are optimized in the way that background counts are practically eliminated, the values of MDA will be higher and could, at certain circumstances, achieved values of MDA of alpha spectrometry. Low MDA values, when comparing to the LSC methods, result also from direct mixing of 10-20 mL of urine with practically zero volume of the scintillator. When common scintillation cocktails are used, the reasonable volume ratio of sample and the cocktail should be mixed (usually 1:1 or worse in terms of the sample) and thus the sample volume is limited. Another advantage of the solid scintillator is a reduction of quenching when compared to the direct urine-cocktail mixtures. The main disadvantage is limited or none resolution suitable for alpha-beta separation, but in the case of gross activity measurement and limited detection efficiency for beta emitters inherent in the scintillation process, this limitation plays an only negligible role. Despite the lack of optimization settings of this method, the values of MDA are more than 5× better than stated in [26] .
